Introduction
Academic or industry scientists who perform studies with limited patient engagement beyond study participation traditionally drive medical research. Although this approach has led to many notable advances, many substantial shortcomings of this framework remain (table 1) . First, the knowledge base available for patient and public health decisions is often insufficient, because many issues relevant to patients and caregivers are missing, or because patient-relevant outcomes are not considered [1, 2] . Second, few studies include comparative effectiveness assessments of pharmacological or nonpharmacological interventions, thus hampering medical decision-making [3, 4] . Third, traditional studies often apply restrictive exclusion criteria or rely on recruitment in specialised clinical centres [5, 6] . These methods may improve the chances of finding desired effects, but may endanger the generalisability of the findings and create a lack of diversity in the study population, frequently underrepresenting individuals who choose to receive either care in nonspecialised outpatient settings or no medical care at all. This is particularly problematic for studies that address questions of disease burden such as incidence, prevalence, health-related quality of life and loss of years at full health, as well as questions about the use of healthcare services. Fortunately, recent developments in society and technology could help to overcome some of the above challenges. For example, patients no longer depend on healthcare professionals for access to their own health data [7] , as medical tests and their interpretation become publicly available. Self-tracking devices and big-data analytics provide individualised diagnoses or predictions of disease risks and outcomes. Online platforms (e.g., patientslikeme, CureTogether) and social media [8] invite and enable healthy people and patients to share health data and experiences. These social and technological developments have considerable potential to accelerate medical research and broaden the size and diversity of study populations [9] . However, these novel opportunities for medical research are not without legal, ethical and methodological challenges. Biological or digital data are often amassed on vague ethical and legal bases including unclear information and consent procedures, unspecified purposes, unclear data ownership and undetermined storage durations [10] . Even with informed consent, the purpose of data collection and the sharing rules are often not fully specified at the time of signature [10] . Additionally, the purchase and use of patient-contributed data by third parties can often go unnoticed by participants and the implications of this are unknown. Finally, reliance on self-collected, unstructured patient data raises questions about the internal and external validity of the study results [11] . Self-selection and convenience study samples could impair confounder control and the implementation of measures against other validity threats. The Swiss Multiple Sclerosis (MS) Registry is designed to leverage the advantages of both traditional medical research and novel societal and technological developments, while mitigating their methodological, ethical and legal disadvantages, and risks. The aim of this article is to assess the first 18 months of participant recruitment in the Swiss MS Registry, which follows a novel approach of digitally facilitated, citizen-science research. Specifically, we aimed at assessing if participant recruitment was indeed accelerated, and whether the study population was more diverse than in research studies following more traditional approaches of participant involvement and recruitment.
Methods

Study design and goals of the Swiss MS Registry
The Swiss MS Registry is a prospective, longitudinal, observational study covering the entirety of Switzerland (ClinicalTrials.gov identifier NCT02980640; approved for nationwide conduct as a multicentre study by the Ethics Committee Zurich, study number PB-2016-00894). Based on the notion of well-aligned interests, mutual trust and complementary expertise, the following goals were defined by persons with MS, the Swiss MS Society, re- Table 1 : Advantages and disadvantages of traditional medical research, and opportunities and risks of novel approaches using societal and technological developments.
Criterion
Traditional clinical research (e.g., cohort study or clinical trial) Novel approaches to research using digital tools and citizen or patient engagement (e.g., patientslikeme) For data collection, a separate, independent web platform, which is hosted by the University of Zurich, was constructed. In order to gain access to this web platform and layer 1, users have to create an account. In this step, interested persons deposit their contact data (name, address) and provide information about their "role" (patient or relative). During the user account creation, a unique identification number is assigned to that person. The full contact data and unique identification numbers are stored in a secured database, which is kept separate from all other research data and accessible only to defined data managers. Layer 2 aims at determining whether persons with self-reported confirmed or unconfirmed MS fulfil the eligibility criteria for the Swiss MS Registry, in order to obtain basic information on demography and MS status. The layer 2 questionnaire also includes teaser questions on patientrelevant topics (e.g., alternative medicines, behavioural changes after MS diagnosis) to spark the participant's interest in additional surveys. Layer 2 provides more time to establish and confirm a diagnosis. This accommodates the often long diagnostic process for MS and avoids excluding people only potentially affected by MS from the Swiss MS Registry right away. Patients wishing to join layer 2 must be at least 18 years of age and have to sign an online informed consent form, which informs them about the type and purpose of data collection and possible risks and benefits of the study, as well as their rights. As part of this agreement, patients also consent to being contacted by members of the Swiss MS Registry data centre staff if needed (e.g., for data clarification, retrieval of diagnosis confirmation, or for invitations to additional substudies). Importantly, participants also have the option to complete the questionnaires on paper, offline. This option was created to enable participation of those without regular use of computers or other devices, or with impairment that makes using the online platform too burdensome. A confirmed diagnosis of MS or of a Clinical Isolated Syndrome and a signed online informed consent form are prerequisites for entering layer 3. The diagnosis needs to be confirmed in writing by a neurologist, but no restriction regarding type of diagnostic criteria are imposed (e.g., McDonald or Poser criteria). Data collection within this layer is much more comprehensive (see "Measurements" section below). Finally, a subset of layer 3 participants is randomly selected for data ascertainment based on medical records (layer 4). The informed consent for the Swiss MS Registry covers data collection in layers 2 to 4. Participants can consent to layer 4 study modules on an opt-in basis. If provided, the layer 4 informed consent allows study nurses of the Swiss MS Registry to visit the respective clinics and practices and extract specific clinical information from the medical records.
Inter-and transdisciplinary governance
The Swiss MS Registry operates in a spirit of cooperation and mutual trust, reflected in the involvement of all relevant stakeholders and voting rights through their representatives. The scientific assembly and its 20 members form the governance body of the Swiss MS Registry and it takes 
Measurements
A particular challenge in studying MS is its multifaceted manifestation. In order to comprehensively describe this "disease with a thousand faces", various aspects of life and health need to be covered. The online format of the Swiss MS Registry allows participants to interrupt the completion of questionnaires, which facilitate the comprehensive data collection needed to address the main questions and goals of the Swiss MS Registry. Data collected include sociodemographic and family history data, as well as information on (lifestyle) behaviours and exposures, and living and working conditions. In addition, data on the general cultural, environmental and socioeconomic conditions can be added, depending on where participants live. The breadth of the Swiss MS Registry data collection goes well beyond the clinical context and allows study questions on burden and causes of disease, and prognostic and therapeutic questions, as well as research on health services for persons with MS. Layer 4 provides detailed clinical data from medical records, which are abstracted using standardised forms that are harmonised with data collected in the Swiss MS cohort study. The Swiss MS Registry closely collaborates with the Swiss MS Cohort Study [13] , a clinic-based study at eight major Swiss MS centres. The joint databases offer opportunities for data validation and for innovative projects combining patient-reported Swiss MS Registry data and high quality clinical information and bio-samples from the Swiss MS Cohort Study through harmonised data collection and informed consent for data linkage. Combining data from layer 3 and 4 with data from the Swiss MS cohort allows comprehensive checks and validation of data from both studies and enables continuous improvements in data quality. Furthermore, the provision of regular extracts from their own survey data allows persons with MS to report errors.
Information technology
Information technology (IT) security and data protection are not only top priorities for the Swiss MS Registry, but were also prime concerns for persons with MS in stakeholder meetings. Furthermore, the flexible study design and the fact that some persons with MS have impaired ability to fill in lengthy online surveys impose high requirements on IT infrastructure. In order to meet these demands, a close collaboration with the Science IT Department of the University of Zurich was established. After careful evaluation of existing IT systems, a panel of IT specialists recommended the development of a custombuilt platform with special emphasis on usability and barrier freedom. This platform was developed by a team of specialists on the basis of open-source technologies. IT security features include, amongst others, password protection, TLS-encrypted communication and data transfers, and strict separation of identifiable and unidentifiable data, and were subjected to an external audit by a company specialised in IT security. The research database is hosted in a secure environment on servers of the University of Zurich. Already at an early planning stage, the strategic goal was declared to be provision of relevant, individualised and understandable feedback to participants, which greatly increases study participation and commitment. The Swiss MS Registry web platform also offers a user interface for data collection through study forms, a diary and a dashboard, which displays ongoing surveys and select displays of user-specific data. Persons with MS and the Swiss MS Society were closely involved in the design and testing of the interface.
Statistical analysis
To address the first aim of this study -the dynamics of recruitment over the first 18 months of the Swiss MS Registry -we used descriptive statistics to present the number of participants in layers 1 to 4 and plotted the cumulative number of participants against time (June 2016 to November 2017). Our hypothesis was that recruitment would be faster for the Swiss MS Registry than in traditional research studies for several reasons. First, persons with MS themselves wished to have a registry and are therefore very motivated to participate. Second, while the close involvement of and backing by the Swiss MS Society was crucial for gaining trust by key stakeholders, the society also heavily promoted the Swiss MS Registry through its news outlets. Third, access to the study through an online platform within the website of the Swiss MS Society makes participation more convenient and independent of place and time. We compared recruitment against our goal for recruitment for the first year of 400 participants, which was based on prior experience from other observational longitudinal studies in more traditional clinical settings in Switzerland.
The second aim of this study was to assess the diversity of the study population, which we believe has been promoted in healthcare settings, independent recruitment, through the availability of both online and paper questionnaires, and by the layer-based study design, which allows different participation options and takes into account prolonged time to diagnosis. In particular, we hypothesised that the study population of the Swiss MS Registry would be more diverse than those in traditional research studies and better able to capture potentially underrepresented patient groups. To this end, we defined up-front patient groups that tend to be rarely seen in other observational MS studies. These groups were based on the healthcare setting (primary care, neurology clinic or private practice of neurologist) in which participants are looked after the, as well as the place where they live. We compared various characteristics between online participants with those who preferred paper questionnaires. For this analysis, we used descriptive statistics to assess and compare a number of characteristics, such as age, sex, type of MS, use of healthcare services or severity of symptoms for all participants and those who used the online platform or paper form. We chose not to use statistical tests for these comparisons since statistical significance testing is a poor guide to interpretation of important differences between groups. For statistical analysis, we used STATA version 13 (StataCorp LLC, College Station, TX, U.S.A.).
Results
Recruitment within the first eighteen months
The Swiss MS Registry was launched on 25 June 2016, when the Swiss MS Society organised the first Swiss MS Day. Figure 2 shows the enrolment of participants from the first day, when 160 participants joined, to 30 November 2017. The goal of 400 participants in the first year was reached within 20 days. After this first phase, there was a steady increase with small hikes at 3-month intervals when the Swiss MS Society published articles on the Swiss MS Registry (including enrolment instructions) in its news magazine. Recruitment continued with one or two enrolees per day up to 30 November 2017, when the total number of participants reached 1683. Of these, 1412 completed the layer 2 questionnaire assessment and 915 provided proof of MS diagnosis from their treating physician (mostly neurologists). Of the participants, 80% enrolled using the webbased application whereas 20% preferred the paper version.
Data quality and diversity of study population
At the time of analysis, 5% of all entry questionnaires were not complete (in some instances after several reminders). However, in the completed questionnaires, the percentage of missing items for key descriptor variables was low, ranging from, for example, 0.9% on questions about fur- ther MS cases among relatives to 5% for the year of first symptom occurrence. Notably, these information gaps are constantly being filled by compilation of data from additional sources (e.g., the diagnosis confirmation), by similar questions in follow-up surveys and through reporting of corrections by participants upon receipt of individualised data feedback. The analysis of study population diversity was based on the 1387 processed questionnaires of the 1412 participants who had completed the layer 2 assessment. As shown in table 2 (column 2), the median age was 48 years (range 18-84), the median age at onset of symptoms 32 years (range 10-69) and the median number of years since MS diagnosis was 9 years (range 0-57 Table 2 also shows the characteristics of all participants stratified by web-based or paper participation. Those with online participation were around 10 years younger than those favouring the paper forms. Moreover, participants from German-speaking cantons tended to favour online participation, whereas participants from French-and Italian-speaking parts were more likely to favour the paper form. The distribution of types of MS also differed substantially between those participating online (more likely to have relapsing-remitting MS) and those using paper (more likely to have primary or secondary progressive MS). This was further reflected in the burden of MS as measured with EuroQol 5-D, which showed less impairment for those participating online. Two thirds of participants were members of the Swiss MS Society, whereas the remaining one third only received its news or used its services, or were not connected at all with the Swiss MS Society. These results suggested that the Swiss MS Registry study population is more diverse than in studies offering just paper or online participation.
Discussion
This analysis showed a rapid recruitment of participants into the Swiss MS Registry that vastly exceeded expectations. The study population was diverse and the comparison of online with paper participants showed that using both options increases the diversity of the study population in terms of geographic origin and type and severity of dis-ease. Importantly, data quality appeared to be high, given the high proportion of data completeness. Moreover, preliminary analyses published on the website of the Swiss Multiple Sclerosis Society and cross-comparisons with other Swiss studies [14] further attest to the plausibility of the data and the results. There are two concurrent studies for which comparisons in terms of the population enrolled and scientific questions are admissible: the Swiss MS Cohort Study and the German MS Registry [13, 15] . In the Swiss MS Cohort Study, persons with MS are a little younger with slightly shorter time since diagnosis, whereas in the German MS Registry participants are of similar age but with reported more years since diagnosis. The clinic-based setting of the Swiss MS Cohort Study and the German MS Registry offer advantages in terms of the clinical, physiological and imaging data that can be collected, whereas the study populations are likely to be less diverse than in the Swiss MS Registry.
As a consequence, the Swiss MS Registry complements these other ongoing studies almost ideally. For example, the Swiss MS Cohort Study and the German MS Registry address more clinical questions and questions on biomarkers and imaging for MS, whereas the Swiss MS Registry provides more representative data on disease burden and the everyday life of persons with MS. In addition, since the Swiss MS Registry spans across the healthcare system, questions on diagnostic (from first symptoms to diagnosis) and therapeutic pathways can be addressed. Comparisons with other large MS studies in terms of diversity of study populations are more challenging. The landscape of MS currently changes rapidly, and there is an increasing awareness of the need to make a rapid diagnosis and of the increasing availability of novel disease-modifying treatments, both of which have a substantial impact on the participants recruited in clinical centres. Thus, a comparison with studies whose recruitment phase was 5 or The rapid recruitment, the diverse study population and the high data quality demonstrate that the Swiss MS Registry successfully leverages the advantages of traditional medical research and novel approaches using societal and technological developments. Like traditional medical research, this observational study was fully embedded within the legal and ethical framework of medical research, as it obtained approval from ethics committees and was based on a fully developed protocol that described the aims, methods and analytic approaches of the study. Thereby, the study mitigated the risks of novel types of studies or research efforts such as patientslikeme, CureTogether or studies by Google or Facebook that have enormous potential but operate in an, as yet, unclear legal and ethical framework and may be prone to threats to internal and external validity [8] [9] [10] [11] .
To unleash the full potential of the combination of traditional research and contemporary trends in society and technology, digitally facilitated citizen-science studies should adhere to the highest methodological and ethical standards and guarantee patient rights under the Helsinki Declaration [20] . Community outreach strengthens participation, maximises participation diversity, and can help to manage stakeholder expectations. Active communication is essential for digitally facilitated citizen science. For the Swiss MS Registry, information is spread widely through the network of the Swiss MS Society (e.g., newsletters, website, social media). Additionally, regular presentations to persons with MS and clinicians, including general practitioners and neurologists, raise awareness of the Swiss MS Registry and its goals. Almost 1700 persons with MS had enrolled in the Swiss MS Registry since its launch in June 2016, vastly exceeding expectations. We estimate that the Swiss MS Registry currently represents around 11 to 15% of the entire MS population in Switzerland [21, 22] . These excellent enrolment numbers are indicative of the potential for the combination of traditional research and novel trends.
The combination of patient-reported and clinical data, as well as the close collaboration and possibilities for data exchange with the more clinically oriented Swiss MS Cohort Study, offer possibilities not only for data validation, but also for interesting comparisons of patient-and physician perspectives on symptom severity or adverse drug effects, or for investigations into patient-doctor communication aspects with potentially large implications for healthcare. Although data collection has been highly standardised so far, the Swiss MS Registry provides a basis for the collection of unstructured data from medical charts, tracking devices or social media. It would have been most straightforward to employ existing online platforms and technologies, but these were not deemed to be safe and flexible enough for our purpose. Therefore, we set up a new and secure online IT infrastructure that offers flexibility to incorporate additional structured but also unstructured data. Although it will take some time to collect large amounts of data and the amount of data may never compare to online platforms such as patientslikeme, our approach mitigates the risks of an unclear legal and ethical framework where not only may persons affected by MS lose trust, but researchers face many uncertainties as well. Another clear advantage is that the source and study populations are well known and characterised and data quality is assured.
Conclusion
The digitally facilitated citizen science approach chosen by the Swiss MS Registry indicates a way to bridge the gap between traditional medical research and novel approaches. The Swiss MS Registry is characterised by transparent governance, operation within clear and established legal and ethical frameworks, active community outreach and communication, and direct involvement of persons with MS in study planning and operation. The rapid recruitment of a diverse study population within the first 18 months since the inception of the Swiss MS Registry and the high quality of the data indicate the potential of this novel concept of digitally enhanced citizen science, which could be useful for many chronic conditions. The Swiss MS Registry may therefore serve as an example for leveraging the advantages of both traditional medical research and novel societal and technological developments, while mitigating their respective disadvantages and risks.
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